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Summary
Objectives: To detect structural adaptations of collagen ﬁber matrix in compressed articular cartilage in individual sub-tissue zones by
microscopic magnetic resonance imaging (mMRI) at 23 mm in-depth resolution.
Design: Each of the six beagle humeral cartilage specimens was placed in a specially built nonmetallic compression device inside an in-situ
rotation device, and was imaged four times at 7 T: without and during static compression, and at two orientations: 0( and 55(. Proton intensity
images and quantitative T2 maps were constructed and analyzed.
Results: Upon compression at 55( (the magic angle), rather than appearing homogenous, T2-weighted intensity images of cartilage showed
a distinct laminar appearance and the T2 proﬁles exhibited two distinctive peaks. At both 0( and 55( orientations, lower values of T2 were
observed in compressed tissue. A signiﬁcant correlation was established between changes in tissue T2 at 55( and a thickness reduction due
to compression. At a mean of 20% strain value, modiﬁcations in cartilage structure were studied at each histological zone. We found that the
percentage of superﬁcial zone was signiﬁcantly doubled, the percentage of radial zone was signiﬁcantly decreased by 10%, and no signiﬁcant
change in the transitional zone.
Conclusions: External loading can induce a new kind of laminar appearance at the magic angle. mMRI T2 anisotropy can be used to analyze
the zone-speciﬁc alterations in collagen ﬁbril organization in articular cartilage in response to mechanical compression.
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Articular cartilage is a thin layer of connective tissue that
covers the end surfaces of bones in synovial joints. Under
normal physiological conditions, cartilage protects the
underneath bone in joints by working as a medium to
absorb shocks and to distribute mechanical loading.
Although the tissue is quite thin (typically 1e2 mm in
human), it has a highly specialized molecular composition
and structural organization along its (thin) depth. Since
articular cartilage is a weight-bearing tissue, external
mechanical loading (static or cyclic) will force the tissue to
change many aspects of its native environment and
ultrastructure, including the architecture of the collagen
matrix especially the orientation of collagen ﬁbrils, the
distribution of water, and interactions among various
macromolecules and water molecules. A comprehensive
understanding of these molecular adaptations1e6 in tissue’s
biochemistry and structures due to external loading is
critical in evaluating tissue modiﬁcations as a result of
aging, injury, and degeneration.8Degenerative cartilage is a hallmark of a number of
arthritic diseases (e.g., osteoarthritis), and can be charac-
terized by changes in molecular composition and structure
in each of its unique sub-tissue zones. Because joint
diseases affect a signiﬁcant portion of the human popula-
tion, for instance, one in three US adults are affected by
arthritis and chronic joint symptoms7, non-invasive magnetic
resonance imaging (MRI) is increasingly being used to
evaluate the state of normal and degenerative cartilage8e11.
A peculiar phenomenon in MRI of cartilage is that when the
tissue is placed at certain orientations with respect to the
external magnetic ﬁeld B0, normal cartilage can appear
laminated across its thickness12,13. When the surface
normal of the cartilage is placed at approximately 55( with
respect to B0, the cartilage does not appear laminated but
rather homogeneous and brighter than at other angles. This
tissue anisotropy in magnetic ﬁeld has its origin on the
proton dipolar interactions and the collagen matrix organi-
zation, which inﬂuences the T2 relaxation in the tissue with
a known dependency on the angle q as (3 cos2 q 1). As
this (3 cos2 q 1) factor equals zero when q equals 54.74(,
the contribution of the dipolar interaction to spin relaxation
can be minimized if q is set to 54.74(14. Because the angle
of 54.74( is known as the magic angle in magnetic
resonance, the disappearance of the cartilage laminae
associated with the 55( angle is also known as the magic
angle effect in MRI of cartilage15. Since an isotropic material
should have no dependence on angle, this angular de-
pendency in MR images of cartilage must be related in some
way to the ultrastructure of the tissue, essentially deﬁned by
the architecture of the collagen matrix in cartilage16,17.87
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cartilage have also been the subjects of several magnetic
resonance studies. For example, Rubenstein et al. ob-
served that a short T2 lamina became thicker at the articular
surface after incremental pressure, and a complete loss of
signal intensity of cartilage was evident at maximum
pressure of 4.14 MPa18. Regatte et al. showed a change
in proton and sodium relaxation times (T1 and T2) of normal
and degraded cartilage upon mechanical compression, and
that proton T2 becomes sensitive to proteoglycan-depletion
when cartilage is compressed19. Gru¨nder et al. demon-
strated through T2-weighted MRI that regional structure of
collagen network of tibial/femoral cartilage is inﬂuenced by
mechanical loading20. Using 2H double quantum ﬁlter MRI,
Shinar et al. found an increase in the superﬁcial zone (SZ)
thickness when pressure was applied on bovine cartilage21.
Because cartilage is thin and has complicated sub-tissue
structural variations across its depth, high resolution is
advantageous in imaging study of articular cartilage. A
number of reports have demonstrated the use of micro-
scopic MRI (mMRI) in the characterization of various
structural and compositional features in cartilage at high
resolution22e24. In particular, the mMRI T2 anisotropy
technique, which combines the microscopic resolution of
MRI with the speciﬁc sensitivity of T2 anisotropy to the
orientational properties in the tissue, has been used to
sub-divide articular cartilage into MRI-based zones non-
destructively. These mMRI zones were well correlated with
the histological zones obtained invasively from the gold
standard in histology, polarized light microscopy25. More
recently, the technique was able to detect subtle modiﬁca-
tions in tissue’s matrices due to enzymatic degradation and
natural lesion26e28.
In the present study, we aimed to detect the structural
modiﬁcations in cartilage matrices under static compression
using mMRI T2 anisotropy. Because external compression
will inevitably change the orientation of the collagen ﬁbrils
as well as the relative compositions of various molecules in
tissue, we hypothesized that T2 anisotropic images of
compressed cartilage could monitor various responses of
the compressed tissue along its depth. In particular, the
responses of the tissue in each individual zone could be
uniquely resolved in microscopic imaging. We also hypoth-
esized that the magic angle imaging of cartilage intensity
could become a useful tool to visualize the loading
conditions of the tissue as well as the adaptations of
macromolecular matrices in the tissue under mechanical
stress.Methods
SAMPLE PREPARATION
The left shoulder joint from a healthy 8-month-old male
beagle was used in this study. The animal was sacriﬁced
for unrelated experimental study, and the joint was kept
in 80(C after necropsy. The joint was later thawed at
4(C and opened at room temperature under sterile con-
ditions. Animal specimens were handled according to the
protocols approved by the Institutional Review Boards.
Three thin slices were harvested from the central load-
bearing area of the beagle humeral head, perpendicular to
the medialelateral direction, using a low speed dia-
mond saw (MTI Corporation, Richmond, CA, USA). Two
cartilageebone plugs, with relatively ﬂat surface, were cut
from each slice, bringing the total number of specimens to
six. Each of the six plugs consisted of the full thickness of
the articular cartilage attached to the underlying bone, and
had the dimensions of w1.5! 2! 6 mm. The underlying
bone of each plug was trimmed and smoothed with
diamond grinding pads on a low speed station (Glastar
Corporation, Chatsworth, CA, USA) to ensure uniformity of
compression. The specimens were bathed in freshly
prepared physiological saline with 1% Protease Inhibitor
Cocktail (P2714 Sigma Co., St. Louis, MO, USA) and
sealed in precision NMR tubes with an internal diameter of
4.34 mm (Wilmad Glass, Buena, NJ, USA).
COMPRESSION DEVICE
To achieve a high-resolution imaging of excised cartilage
in compressed state, a special compression device was
designed and built (Fig. 1). The device is made from strong
nonmetallic, nonmagnetic materials and allows various
values of static compression through the means of plastic
micro fasteners. The specimen compression device is a 3.5-
mm-diameter cylinder and can ﬁt easily inside a home-built
in-situ sample-rotating device, which allows the imaging of
compressed specimens at various orientations with respect
to the magnetic ﬁeld without the removal of the specimen or
probe from the magnet. Out of the total six specimens: one
specimen was subjected to w12% strain value, measured
by reduction in cartilage thickness from T2 results, one was
subjected to two strain values: w12% and w22% after
recovering to original state, and four were subjected to
a mean of 20% strain. (Note that a static load of about 3 N
can cause a 20% reduction in total thickness in these
specimens.) Each specimen was allowed 15 min to reachFig. 1. The compression device, which was made completely out of nonmetallic, nonmagnetic materials, and can be incorporated inside the
5-mm NMR tube within the RF coil. (a) The device consists of a base for the specimen and a top layer that can be compressed against
the cartilage surface with the help of micro fasteners. (b) A compressed cartilageebone plug inside the NMR tube.
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for the specimen that was loaded twice. Each specimen was
imaged twice at a given orientation: before compression
(served as its own control) and while compressed; bringing
the total number of independent experiments to 28.
MICROSCOPIC MRI EXPERIMENTS
All 2D MR images were made using a Bruker AMX 300
NMR spectrometer equipped with a 7-T/89-mm vertical bore
superconducting magnet and a micro-imaging system
(Bruker Instrument, Billerica, MA, USA). After loading the
specimen into the mMRI probe and prior to acquiring 2D T2
maps, two pilot proton images were acquired: a sagittal pilot
and a coronal pilot. The sagittal pilot was used to align the
articular surface of cartilage to the nominal angle; and the
coronal pilot was used to position the MRI slice to minimize
the contribution of saline signal at the articular surface
boundary, and to control slice location. T2-weighted MR
images were acquired at two orientations (0( and 55() for
the same specimen at the same slice location in both
uncompressed and compressed states. The orientation is
deﬁned as the angle between the radial direction of the
specimen and the direction of the magnetic ﬁeld B0. To rule
out any inﬂuence to the T2 characteristics in cartilage from
the top layer of the plastic compression device, a compar-
ative 2D experiment was performed with the top layer of the
compression device setting on the specimen surface with
no force from the micro fasteners. The specimen was
imaged twice at the same slice location: with and without
the top layer at both 0( and 55( orientations.
All the experiments were conducted at approximately
25(C room temperature in the magnet, using a T2-weighted
spin echo imaging sequence. The echo time (TE) of the
imaging segment (TEi) was 11.6 ms, the TE of the leading
contrast segment (TEc) had four increments: (1.6, 16, 30.4,
and 60.8 ms), and the repetition time (TR) of the imaging
experiment was 2 s. A mono-exponential ﬁt model was
used to calculate T2 relaxation on a pixel-by-pixel basis
using the program ParaVision from Bruker Instrument with
a 1% threshold. The in-plane resolution across the depth of
the cartilage tissue was 23.1 mm and the slice thickness
was 1 mm. Only one imaging slice location was chosen
from the middle of each specimen. Other experimental
details have been described earlier14.
DATA ANALYSIS
Because the collagen ﬁbers in each histological zone in
cartilage have a unique orientational preference, a morpho-
logical analysis of cartilage’s histological zones can provide
depth-dependent assessment toward the effect of com-
pression on cartilage matrices. We have previously
documented the statistical correlation of the mMRI zones
with the zones from the histological gold standard, polarized
light microscopy25. In this report, we use our validated
criteria to sub-divide the mMRI zones in compressed
cartilage, brieﬂy outlined as the following. 1D T2 proﬁles
were extracted from 2D T2 images of each cartilage
specimen before and while compressed at 0( and 55(. T2
proﬁles were curve-ﬁtted and normalized into a relative
depth, where the 0 depth corresponds to the cartilage
surface and the 1 depth corresponds to the cartilageebone
interface. Articular cartilage was subsequently sub-divided
into individual histological zones, and the width of each
tissue zone was calculated in both uncompressed andcompressed states25. In addition, to simulate the situations
of bulk measurement in spectroscopy or low-resolution
imaging in clinical MRI, the entire depth of one T2 proﬁle
was averaged to obtain a ‘bulk’ T2 value for each strain
value of compression.
Results
The T2-weighted proton images and the calculated T2
maps of articular cartilage under two different values of
compression (at w12% and w22% strain) of the same
specimen are shown in Fig. 2. The specimen was let to
recover from the w12% compression, and was back to the
normal state (images after recovery are not shown). The
specimen was then imaged again at w22% compression
after recovery. At the 0( orientation, we observe the usual
laminar appearance of cartilage, both in uncompressed and
compressed states [Fig. 2(a, b)]. At the magic angle (55()
and upon compression, however, articular cartilage no
longer exhibits the usual homogenous appearance. In-
stead, alternating hypo- and hyper-intense layers, occurring
deep in the tissue, can be seen at the magic angle. These
load-induced magic angle laminae appear more profoundly
at a higher strain value of compression [Fig. 2(c, d)].
The 1D T2 proﬁles from imaging a control specimen with
and without the top layer of the compression device are
shown in Fig. 3. It is clear that the T2 proﬁles of cartilage
were almost identical, with and without the top layer at 0(
and 55(. We can therefore conclude that the introduction of
the nonmetallic materials to proximity of the tissue does not
cause signiﬁcant changes in the characteristics of T2
anisotropic proﬁles in cartilage. Figure 4(a, c) shows T2
proﬁles of one specimen at the two orientations and three
compressing stages: control (no compression), w12%
strain (slightly compressed), and w22% strain (highly
compressed). Without compression, the T2 proﬁle of
cartilage at 0( has the usual single peak, centered at the
transitional zone (TZ) [Fig. 4(a)]; and the 55( proﬁle is
relatively homogenous with no distinctive peak [Fig. 4(c)].
These features are similar to what have been reported
before in the literature17,24. Under compression, the location
of maximum T2 peak at 0( was shifted toward the deep part
of the tissue, and a bigger shift was observed at a stronger
compression [Fig. 4(b)]. In addition, the compressed
cartilage at 55( lost its homogeneity. Instead, the T2 proﬁle
exhibits a double bell-curved shape with two distinctive
peaks: one toward the SZ and the other in the radial zone
(RZ) toward the cartilageebone boundary [Fig. 4(c, d)].
[Note that at 0(, because anisotropic values of T2 under the
inﬂuence of dipolar interaction were much lower than 11 ms
(the min TE in our sequence) in most of the radial zone, the
region of 0.6e1 relative depth was not resolved in Fig. 4(b).]
Furthermore, Fig. 4 shows that at both orientations,
compression can cause the T2 proﬁle to have lower values
along the cartilage depth [Fig. 4(a, c)]. Figure 5 plots the
percentage reduction of bulk T2 as a function of compres-
sion strain value at two different orientations (0( and 55()
from all specimens. It is observed that more compression
causes stronger reduction in bulk T2 in cartilage. However,
two different slopes in the plot suggest that the measure-
ment of T2 at 55( is more sensitive to the changes induced
by cartilage compression. The correlation between the
strain value of compression, measured by reduction
in thickness, and the reduction in T2 of tissue at the
magic angle was signiﬁcant (NZ 7, rZ 0.914; correlation
probabilityZ 0.004). On the contrary, the same correlation
890 H. A. Alhadlaq and Y. Xia: mMRI T2 anisotropy of compressed cartilageFig. 2. (a) T2-weighted proton images (at w0() of control cartilage, at w12% and w22% strain. (b) Calculated T2 maps (at w0() of control
cartilage, atw12% andw22% strain. (c) T2-weighted proton images (atw55() of control cartilage, atw12% andw22% strain. (d) Calculated
T2 maps (atw55() of control cartilage, atw12% andw22% strain. The images shown above are from the same sample at different stages.
The numbered vertical lines on the side of control images in (a) and (b) correspond to the following: 1: saline, 2: cartilage, 3: bone, and 4: the
plastic layer. T2 weighting for (a) and (c) was 16 ms. The angle is deﬁned as the angle between the normal to the articular surface of cartilage
and the direction of the magnetic ﬁeld (B0).at 0( was not signiﬁcant (NZ 7, rZ 0.726, correlation
probabilityZ 0.065).
Figure 6 shows the percentage thickness of each zone
(superﬁcial, transitional, and radial zone) vs the mechanical
compression. Noticeably, different zones have different
responses toward the same compression. The zone
variations upon a mean of 20% strain are summarized in
Table I, both in absolute (mm) and relative (%) term,
together with the P values from the paired t test. Several
observations can be made from the Table. (1) The
percentage thickness of the SZ was signiﬁcantly doubled
upon compression. (2) The location of maximum T2 was
signiﬁcantly shifted away from the cartilage surface upon
compression, indicating that the most random location in
the tissue has been shifted toward the deeper part of the
tissue upon compression. (3) The thickness of the TZ
showed no signiﬁcant change upon compression. (4)
The thickness of the RZ decreased signiﬁcantly upon
compression.
Discussion
This report presents, to our knowledge, the ﬁrst non-
destructive morphological analysis of structural modiﬁcation
in collagen network as a result of external mechanical
loading based on the mMRI technique at 23 mm in-depth
resolution. mMRI T2-anisotropy has been shown to be
sensitive to the macromolecular orientation in cartilage,
essentially deﬁned by the architecture of the collagen matrix
in cartilage. In particular, the features of the T2 proﬁles in
mMRI T2-anisotropy have been used to deﬁne a set of MRI-
based sub-tissue zones in articular cartilage, with thethickness of each MRI zone being statistically equivalent
to that of histological zone from polarized light microscopy.
Two experimental issues should be made clear here. (1)
Although only one animal was used in this study, the
ﬁndings in this report should be generally applicable to
cartilage from other beagle humeri. This is because that the
animal in this study came from the same supply source of
beagles that we have been studying in our lab over the last
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Fig. 3. T2 proﬁles of a control sample with and without the top
plastic layer at 0( and 55(. The plastic layer was touching the top of
the cartilage sample with no compression force.
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Fig. 4. T2 proﬁles from one sample at three stages: control, compressed atw12%, and compressed atw22%. The graphs correspond to T2
proﬁles: (a) vs absolute depth at w0(; (b) vs relative depth at w0(; (c) vs absolute depth at w55(; and (d) vs relative depth at w55(. The
error bars in graph (b) and (d) represent the variation in T2 when averaged within the selected region of interest in the middle of the specimen.
The vertical lines in graph (b) demonstrate the shift of the middle of the transitional zone upon compression.10 years. The appearance of the uncompressed humerus
cartilage have the identical MRI characteristics as in our
previous studies using multidisciplinary techniques such as
mMRI, light microscopy and histology, and biochemistry. In
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Fig. 5. Changes in the ‘bulk’ T2 in cartilage as a function of the
thickness reduction (strain) when the specimens were oriented
approximately at 0( and 55( in the magnet.addition, it has been reported in literature29 that there are no
signiﬁcant differences in the mechanical properties and
thickness in cartilage between right and left humerus for
a given geometric location on the joint surface, and that
there is no signiﬁcant differences for a given location
between dogs. (2) The compression-induced laminar bands
in Fig. 2 contain some ‘weak topographical’ variation across
the width of the tissue block, more obviously at 12%
compression in Fig. 2(c). These variations are not the
natural topographical heterogeneity of the tissue properties
that is related to the site locations of the tissue and the load-
bearing status of the tissue at the sites, which has been the
subjects of study in our lab30,31. These artifactual variations
are caused by the fact that the cartilageebone blocks were
not truly rectangular and that the compression was not
completely even on both sides of the specimen block.
Because the width of the tissue block is about 2 mm, we
expect very little natural topographical heterogeneity, if
there is any, over that length scale. The uniform appear-
ance of the uncompressed cartilage (from the same tissue
block) in Fig. 2(c) supports this assessment. Despite the
existence of this artifactual variation, however, these
variations should have little inﬂuence toward our quantita-
tive analysis using the T2 proﬁles, because our 1D proﬁles
were extracted from the 2D images at the same location
(region of interest), and the uncompressed/compressed
images were from the same tissue specimen. The small
error bars of T2 values, shown in Fig. 4(b, d), indicate that
892 H. A. Alhadlaq and Y. Xia: mMRI T2 anisotropy of compressed cartilagethe selected region of interest appears homogenous across
the width of the region.
LOADING-INDUCED LAMINAR APPEARANCE OF CARTILAGE
AT THE MAGIC ANGLE
The origin of the laminar appearance of articular cartilage
in MR images is the T2 relaxation anisotropy in the tissue. In
cartilage, water molecules near the collagen ﬁbrils may
become loosely bound to the ﬁbrils. Consequently, their
mobility may become anisotropic. Several recent mMRI
studies showed that T2 anisotropy in cartilage is linked
closely to the local collagen ultrastructure, and to the
watereproteoglycan interaction that ‘‘ampliﬁes’’ the prevail-
ing directional orientation of the collagen ﬁbrils by inﬂuenc-
ing the mobility of water17,32. This T2 anisotropy translates
into the normal laminated appearance in MRI of uncom-
pressed cartilage, i.e., laminated at 0( (where the nuclear
dipolar interaction has its strongest inﬂuence on T2 re-
laxation) and homogeneous at the 55( magic angle (where
the dipolar interaction is minimized).
Fig. 6. Effect of compression on the thickness of individual zones.
The left vertical axis represents the thickness percentage of
superﬁcial and transitional zone. The right vertical axis represents
the thickness percentage of radial zone. T2 proﬁles from the control
and compressed cartilage (at different strain values) were used to
sub-divide the entire depth of tissue into three histological zones:
(superﬁcial, transitional, and radial zone). Each data point
represents the percentage thickness of that particular zone over
the entire thickness at the given strain value. The error bars
represent the margin of error of determining the zone boundaries
calculated from the standard deviation of each T2 proﬁle.In this study, we show that compressed cartilage tissue
can become laminated even when cartilage is oriented at
the magic angle in MRI. These load-induced ‘‘artiﬁcial’’
laminae at the magic angle clearly relate to the structural
change and adaptation of macromolecular matrices in
cartilage due to compression. Because the appearance of
this artiﬁcial laminae is totally controllable, this phenomenon
could potentially be used as a visualization tool in clinics
and laboratories to monitor the reaction of cartilage matrices
at different stages of health or disease (normal, aged,
degenerative) to mechanical loading.
CORRELATION BETWEEN CHANGES IN AVERAGE TISSUE T2
AND COMPRESSION STRAIN VALUE
Compression is associated with a number of structural
modiﬁcations in cartilage, such as less hydration, decrease
in mobility of water, change in collagen ﬁbril orientation,
increase in electrostatic forces, and stronger molecular
interactions. In compressed cartilage, reduction of averaged
tissue T2 was observed at both 0( and 55(. The higher the
compression, the stronger the couplings between water and
macromolecules, which consequently causes shorter and
more anisotropic T2 relaxation in cartilage. Our work shows
that the reduction in average T2 was signiﬁcantly correlated
to the reduction in cartilage thickness due to a mechanical
compression at the magic angle, which suggests that the
highest sensitivity of T2 to compression occurs when the
tissue is oriented at the magic angle. This is because when
the tissue is oriented at 0(, the nuclear dipolar interaction
has its strongest inﬂuence to spin relaxation. Any further
reduction of T2 in cartilage due to the consequence of
compression could be overshadowed by the dipolar in-
teraction. In contrast, the nuclear dipolar interaction is
minimized when the ﬁbril in the tissue is oriented at the
magic angle. Other contributions to the reduction of T2 in
cartilage can therefore be detected. This compression
result is in excellent agreement with one of our previous
observations in the study of lesioned tissue at the early
stages of induced diseases: the most distinctive variations
in average T2 of cartilage tissue between OA and normal
tissues occur when specimens were oriented toward the
magic angle28. The high sensitivity of ‘bulk’ T2 to the applied
compression at the magic angle could become an effective
way to study changes in the ultrastructure of macro-
molecules in cartilage.
A MODEL DESCRIBING THE RESPONSE OF COLLAGE FIBRILS
TO MECHANICAL COMPRESSION
Based on the information contained in Figs. 4 and 6, the
response of the collagen ﬁbrils in articular cartilage under
compression is schematically illustrated in a simpliﬁedTable I
Individual cartilage zone thickness in absolute and relative terms in control and compressed states. Five specimens were compressed at
a mean of 20% strain value. 1D T2 profiles, extracted from the calculated T2 maps at w0(, were used to determine the boundaries between
zones. A paired t test was applied on the absolute results to determine their significance (P! 0.05)
Zone thickness
or peak location
Control state [NZ 5] Compressed state [(20G 4)%; NZ 5] P value
(from the absolute results)
Absolute (mm) Relative (%) Absolute (mm) Relative (%)
Superﬁcial zone 31G 6 5G 1 46G 8 10G 2 0.022
Transitional zone 110G 15 18G 3 114G 10 23G 2 0.692
Radial zone 467G 23 77G 3 327G 15 67G 2 !0.001
Total thickness 608G 10 100 488G 12 100 e
Depth of maximum T2 67G 11 11G 2 97G 10 20G 2 0.006
893Osteoarthritis and Cartilage Vol. 12, No. 11model in Fig. 7. In the uncompressed state (a), the collagen
ﬁbers orient differently in three distinct histological zones.
Under compression (b), the more randomly oriented ﬁbers
in the upper part of the TZ (segments 5 and 6) become
more parallel with the articular surface, which explains the
fact that the thickness of the SZ increases upon compres-
sion, in good agreement with the increase in the SZ
thickness and quadruple splitting upon loading reported by
Shinar et al.21. Because of the compression, a part of the
upper radial zone (segments 8 and 9) is no longer
perpendicular to the articular surface but becomes more
oblique. This part of the tissue therefore has the same mMRI
characteristics as the native TZ, which explains the little
change in the thickness of the TZ. This repositioning of
the TZ boundary toward the deep tissue also explains
the observed shift of the maximum T2 peak toward the
cartilageebone interface under compression.
Finally, because the collagen ﬁbrils only have a high
tensile strength in stretching, the compression of the tissue
will inevitably alter the orientation of some perpendicular
ﬁbrils in the radial zone. From our T2-anisotropy data, we
observed an additional peak at 55( located above the
cartilageebone interface in the lower part of the radial zone
[Fig. 4(c)], which indicates this part of the radial zone ﬁbrils
(around the segment 14) become ‘bent’ under external
loading. The bending of the otherwise perpendicular ﬁbril
essentially creates a second ‘random zone’ in the middle of
the original radial zone of the tissue. These observations
are consistent with the reduction in order parameter of
radial zone with applied mechanical loading reported by
Gru¨nder et al.20. Note that the zone boundaries in the
compressed tissue are quite different from those under no
compression. In fact, some portion of the new zone
contains the tissue that used to belong to a different
histological zone. This is because that the classical
deﬁnition of a histological zone is by the orientation of its
collagen ﬁbrils. When the tissue is compressed, collagen
ﬁbrils in different zones change their orientations differently.
Fig. 7. A schematic model for the orientational adaptation of collage
ﬁbers across the cartilage depth as a result of mechanical
compression based on T2 anisotropy data. Each solid line
represents the overall orientation of the collagen ﬁbrils at this
particular depth in cartilage; these lines are numbered to track the
changes in zone boundaries upon compression. The left ﬁgure (a)
shows the three classical zones in uncompressed articular cartilage
(SZ: superﬁcial zone, TZ: transitional zone, and RZ: radial zone).
The right ﬁgure (b) shows the orientational changes at different
depths due to external loading in cartilage.Consequently, the zone boundaries move accordingly. This
shows that the molecular adaptation of cartilage tissue to
compression is not uniform but rather a complex function of
the tissue depth.
In summary, we demonstrated that T2 at the magic angle
can be used to detect changes in ultrastructural network of
articular cartilage in compressed state non-invasively and
non-destructively. The fact that mMRI can resolve these
changes in individual histological zones across the tissue
depth demonstrates the power of microscopic imaging.
Therefore, mMRI T2 anisotropy can provide valuable in-
formation of zonal changes as a result of external
compression. Ongoing work is in progress to correlate the
mMRI T2-anisotropic ﬁndings with the quantitative light
microscopy in histology, and mechanical properties of the
tissue. A thorough understanding of the functional adapt-
ability of cartilage as a coherent tissue will be very useful in
many areas such as clinical diagnostics and tissue
engineering, and could highly contribute to the understand-
ing and, ultimately, prevention of degenerative diseases.
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